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Abstract 

Cefazolin is an antibiotic frequently used in preoperative prophylaxis of orthopedic surgery and to fight secondary 
infections post-operatively. Although its systemic delivery in a bulk or bolus dose is usually effective, the local and 
controlled release can increase its effectiveness by lowering dosages, minimizing total drug exposure, abating the 
development of antibiotic resistance and avoiding the cytotoxic effect. A delivery system based on mesoporous silicon 
microparticles was developed that is capable of efficiently loading and continuously releasing cefazolin over several days. 
The in vitro release kinetics from mesoporous silicon microparticles with three different nanopore sizes was evaluated, 
and minimal inhibitory concentration of cefazolin necessary to eliminate a culture of Staphylococcus aureus was identified 
to be 250 ug/mL. A milder toxicity toward mesenchymal stem cells was observed from mesoporous silicon microparticles 
over a 7-day period. Medium pore size-loaded mesoporous silicon microparticles exhibited long-lasting bactericidal 
properties in a zone inhibition assay while they were able to kill all the bacteria growing in suspension cultures within 
24 h. This study demonstrates that the sustained release of cefazolin from mesoporous silicon microparticles provides 
immediate and long-term control over bacterial growth both in suspension and adhesion while causing minimal toxicity 
to a population of mesenchymal stem cell. Mesoporous silicon microparticles offer significant advantageous properties 
for drug delivery applications in tissue engineering as it favorably extends drug bioavailability and stability, while reducing 
concomitant cytotoxicity to the surrounding tissues. 
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Introduction 

Orthopedic surgeries represent a substantial portion of 
total medical treatments in the United States with over 
25.8 million procedures or consultations related to the 
back or spine, 14.5 million for knee problems, and 9.7 mil- 
lion for shoulder injuries. 1 Even with modern sterilization 
and aseptic surgical techniques, orthopedic surgery is still 
associated with infectious complications, especially in the 
setting of intervention after traumatic injuries. 
Approximately 1-3 out of every 100 patients who have 
surgery develop infection, representing one-fourth of all 
nosocomial infections. 2 Treatment of implant-related 
infections, on the other hand, involves long-term systemic 
administration of antibiotics and multiple operations to 
remove hardware and locally decontaminate the surgical 



field. Serious problems can arise from this approach, 
including a failure to produce therapeutic tissue concentra- 
tions of the antibiotics secondary to poor tissue perfusion, 
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selection of highly resistant bacteria through repeated low- 
dose exposure, and the multiple complications associated 
with the subsequent operations to repair the problem. 3 

According to the guide for elimination of orthopedic 
surgical site infections published by the Association for 
Professionals in Infection Control and Epidemiology 
(APIC), Staphylococcus aureus is considered as one of the 
major Gram-positive microorganisms associated with sur- 
gical site infections, possesses a high degree of virulence 
due to its ability to produce toxins and develop resistance 
to many classes of antibiotics, and is accounted for 48. 6%. 4 
Antimicrobial agents are decided according to the type of 
microorganism based on the clinical practice guidelines 
for post-surgical infections. Cefazolin serves as the stand- 
ard of care and first drug of choice according to the current 
practice in antimicrobial prophylaxis. 5 It has been the most 
widely used agent with confirmed efficacy against S. 
aureus as well as widely common organisms encountered 
in surgery such as Escherichia coli and various strains of 
Streptococci, Proteus mirabilis, and Klebsiella species. 6 

Ideally, an antibiotic delivery system should provide 
sustained and controlled release to nearby tissues, elimi- 
nating the need for systemic infusions or repeated injec- 
tions of the drug. 7-9 Localized release allows for total dose 
reduction and minimizes systemic toxicity and resistance, 
and various biodegradable and bioresorbable carriers of 
antibiotics for the treatment and prevention of prosthetic 
infections have been studied. 10-12 Therefore, many materi- 
als have been introduced and chemically modified to 
maintain extended-release properties in the past decade. 13 
Simultaneously, with the development of new poly- 
mers 14-17 and inorganic porous matrices, 18-23 nanotechnol- 
ogy has increasingly influenced the field. 24,25 One of the 
widely used techniques to deliver antibiotics locally to a 
wound site is through the introduction of polymethylmeth- 
acrylate (PMMA) beads or poly(lactic-co-glycolic acid) 
(PLGA) particles loaded with antibiotic. Although effec- 
tive for treating most infections, these polymeric materials 
are not always fully bioresorbable and their acidic degra- 
dation byproducts locally irritate surrounding tissues, cre- 
ate acute inflammation, and may elicit an immune response 
thus hampering tissue healing. 26 ' 27 

Porous silicon-based biomaterials with nanoscale fea- 
tures 28-33 are appealing for this purpose, as their release and 
degradation kinetics 34 are tunable as a function of porosity 
and pore size. 35-37 Mesoporous silicon microparticles 
(MPS) can enhance drug availability and distribution over 
time similar to PLGA particles as they degrade to control 
the payload release kinetics with a negligible inflammatory 
tissue response and no toxic side effects in vivo. 38 ^ 10 

Previously, MPS have been employed for the targeted 
or controlled delivery of ibuprofen, griseofulvin, raniti- 
dine, furosemide, antipyrine, daunorubicin, Q-dots, 
ethionamide, peptides, RNA interference, and imaging 



agents. 41 ^ 18 In this work, we have shown the release kinet- 
ics of cefazolin with three different nanopore sizes of 
MPS, bactericidal activity of them on S. aureus, as one of 
the most prevalent bacteria strains associated with post- 
operative infections, 49-51 and also cytotoxicity effects of 
antibiotic-loaded MPS toward mesenchymal stem cells 
(MSCs) to ensure this technology would be conducive for 
wound repair and tissue regeneration. 33 - 52 

Materials and methods 

Preparation and characterization of porous 
silicon microparticles 

Microparticles of three different pore sizes were gener- 
ated and characterized for this study: small pore (SP), 
medium pore (MP), and large pore (LP) MPS with mean 
pore diameters of 3, 6, and 10 nm, respectively. All 
microparticles had a mean diameter of 3.2 ± 0.2 urn. MPS 
were designed and fabricated in the Microelectronics 
Research Center at The University of Texas at Austin as 
previously reported. 37 ' 53 54 Briefly, heavily doped p++ 
type (100) silicon wafers (Silicon Quest, Inc., San Jose, 
CA, USA) were used as the base for the deposition of a 
200-nm layer of silicon nitride using low-pressure chem- 
ical vapor deposition followed by standard photolithog- 
raphy with an EVG 620 contact aligner. To produce a 
highly porous layer, current density of 320 mA/cm 2 was 
applied for 6 s in a 49% mixture of hydrofluoric acid 
(HF) in ethanol (2:5 (v/v)). 37 The particle surface was 
further oxidized by H 2 0 2 , and then the suspension was 
heated to 100°C-110°C for 4 h, washed with deionized 
water, and resuspended in isopropyl alcohol (IPA). The 
morphology of MPS was examined in detail by scanning 
electron microscopy (SEM) and transmission electron 
microscopy (TEM). 

Microparticle size and charge characterization 

MPS volume, size, count, and charge were obtained using 
a Multisizer™ 4 Coulter Counter (Beckman Coulter, Inc., 
Brea, CA, USA) and Zetasizer Nano ZS (Malvern 
Instruments, Inc., Westborough, MA, USA). Before the 
analysis, the samples were dispersed in a balanced elec- 
trolyte solution and sonicated for 10 s for sufficient dis- 
persion. The zeta-potential of the microparticles was 
analyzed by a Zetasizer Nano ZS. 55 For all analyses, 2 uL 
particle suspension containing at least 1 x 10 5 particles to 
achieve a stable zeta-value evaluation was injected into a 
sample cell countering field with phosphate buffer (1.4 
mL, pH 7.2). The cell was sonicated for 2 min, and then 
an electrode probe was placed into the cell. Measurements 
were conducted at room temperature (23 °C) in triplicate 
runs. 
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Antibiotic loading 

A volume of 10 7 MPS/mL was combined with a concen- 
trated antibiotic solution (cefazolin sodium, 5 mg/mL in 
phosphate buffered saline (PBS); Sigma-Aldrich, St. 
Louis, MO, USA) at room temperature. The MPS and load- 
ing solution were sealed in a centrifuge tube, which was 
gently stirred during the loading process for 1 h. After 
loading, the MPS were separated by centrifugation from the 
solution, rinsed twice with PBS to wash off any drug sub- 
stance from their surface, and lyophilized overnight. The 
loading efficiency was determined by high-performance 
liquid chromatography (HPLC) and confirmed by the 
cumulative release of cefazolin from the particles. 

Analytical method to determine cefazolin 
concentration 

A mobile buffer solution composed of 20% methanol, 10% 
acetonitrile, and 70% monobasic phosphate buffer was 
passed through an Agilent ZORBAX SB-C18 column (4.6 
mm inside diameter (ID) x 250 mm length). 56 The buffer was 
passed through the column at a rate of 0.5 mL/min, and the 
absorbance of cefazolin in solution was measured at a wave- 
length of 270 nm on a Hitachi L-2455 Diode Array Detector. 
The retention time for cefazolin was 2.5-3.0 min. Injection 
volumes were 20 uL for all samples. Standard curves were 
created with serial dilutions of cefazolin in PBS, so that lin- 
ear regression could be used to determine sample concentra- 
tions based on peak height and retention time area. All 
HPLC measurements were performed at room temperature. 

In vitro drug release 

Individual batches of cefazolin-loaded MPS (10 7 particles) 
were incubated in 1 mL of fresh PBS solution in a humidi- 
fied 95% air/5% v/v C0 2 incubator at 37°C with gentle 
shaking (100 rev/min). The release solution was collected 
and replaced by fresh PBS at every time points. Drug con- 
centration was determined by measuring the collected 
solution with HPLC and ultraviolet (UV)-visible (Vis) 
spectroscopy. Three samples were measured for each time 
point and the results were reported as average values ± 
standard deviation (SD). Samples were collected until no 
additional cefazolin was released (5 days). 

Antibacterial assessment 

Minimum inhibitory concentration assay. The toxicity of 
cefazolin sodium to S. aureus ATCC 29213 was investi- 
gated by adding 0, 50, 100, 250, and 500 ug/mL to 1 mL of 
10 6 colony-forming unit (CFU)/mL bacterial suspension. 
Cells were counted at 3, 6, 12, 24, 48, and 72 h, with trip- 
licate samples at each time point using conventional plate 
count method. 



Determination of the zones of inhibitory concentration. A 

measure of 1.5 mL from a 10 6 CFU/mL Luria Bertani 
Broth (LB) suspension was added to the 37°C pre-warmed 
nutrient agar medium (BD Falcon 100 x 15 mm style) 
plates and incubated at 37°C for 24 h. Cefazolin-loaded 
MPS (250 ug in 10 7 SP or MP particles in 50 uL PBS) were 
deposited at four equidistant locations on the agar plates 
and left at room temperature for 30 min before incubation 
at 37°C. The diameters of inhibition zones were measured 
for days 1, 2, 3, 7, and 21 and expressed as mean± SD. The 
corresponding positive (with equivalent concentrations of 
cefazolin to loaded particles in PBS) and negative (using 
unloaded microparticles without antibiotic) controls were 
prepared and tested. 

Antimicrobial activity assay. S. aureus bacteria were sus- 
pended in 2.5 mL of sterile-rich LB broth medium. The 
suspension was standardized using spectrophotometry at a 
wavelength (X) of 800 nm to match the transmittance of 
90, equivalent to 0.5 McFarland scale (1.5 x 10 s CFU/ 
mL). A 2.0 mL volume of the LB broth medium (37°C) 
was gently poured into a six-well cell culture plate and 
each well was inoculated with 10 3 CFU/mL of 5. aureus 
cells. Antibiotic was added to each well either directly or 
loaded into MPS. The plates were incubated for 72 h at 
37°C and the cells collected and counted at 1, 2, 4, 8, and 
24 h. Three replicates were performed for each time point. 

Cefazolin and MPS toxicity on rat MSCs 

Rat MSCs were isolated from the compact bone of young 
male Sprague Dawley rats. Tibae and femora were 
cleaned of periosteum and connective tissue, flushed and 
washed of marrow, crushed with a mortar and pestle, and 
enzymatically degraded in a solution of collagenase (3 
mg/mL) and dispase (4 mg/mL) in PBS. Liberated mono- 
nuclear cells were cultured in media containing 20% fetal 
bovine serum under hypoxic conditions (5% 0 2 ) to pro- 
mote colony formation. 57 MSCs from these primary colo- 
nies were passaged up to four times prior to toxicity 
studies. 

The cells were seeded in a 24-well plate at a density of 
1000 cells/well and allowed to stabilize for 24 h prior to 
treatment. Rat MSCs were cultured for a period of 7 days, 
in the above-described experimental conditions as a con- 
trol, or in complete media supplemented with 0, 50, 100, 
250, and 500 ug/mL cefazolin sodium (either direct dose 
or loaded into 10 7 MPS). Cell proliferation was detennined 
by quantification of double-stranded DNA using the 
Quant-iT PicoGreen assay (Invitrogen, Carlsbad, CA, 
USA). Lactate dehydrogenase (LDH) activity assay 
(Sigma-Aldrich) was used as a determination of cell mem- 
brane damage and toxicity. At time points of 1, 5, and 7 
days, the culture medium was collected and assayed for 
LDH cytotoxicity, and the adherent cells were washed 
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Table I. Characterization of different types of MPS (small pore, medium pore, and large pore): MPS zeta-potential, particle size 
(diameter), average pore size, total porosity, and pore volume. 



MPS type 


Mean zeta-potential 
(mV) ± SD 


Particle size (urn) 


Average pore size 
(nm) 


Porosity (%) 


Pore volume (fL) 


SP 


-31.15 ± 1.48 


3.2 ± 0.2 


3.04 ± 1 .08 


33 


6.34 


MP 


-27.64 ± 2.73 


3.2 ± 0.2 


6.02 ± 1 .86 


47 


5.61 


LP 


-24.73 ± 1.62 


3.2 ± 0.2 


10.08 ± 3.14 


51 


4.15 



MPS: mesoporous silicon microparticles; SD: standard deviation; SP: small pore; MP: medium pore; LP: large pore. 




Figure I. Scanning electron microscopy images of mesoporous silicon microparticles with their relative three different pore sizes: 
(a) small pore, 3 nm; (b) medium pore, 6 nm; and (c) large pore, 10 nm. 

twice with PBS and lysed by addition of 1 mL deionized Consequently, fewer hydroxy 1 groups were displayed on 
water and freeze-thawed to -80°C for DNA collection and MPS surface, causing the net total charge to be less nega- 
quantification. tive (Table 1). 



Results and discussion 

Characterization of MPS 

MPS were fabricated through photolithography and elec- 
trochemical etching as previously described. 37 The aver- 
age diameter of all three MPS types used in this study was 
evaluated through Multisizer Coulter Counter analysis and 
their relative surface charge was measured by Nano 
Zetasizer (Table 1) while the uniformity of the structural 
properties (aspect ratio, shape, and pore size) was charac- 
terized by SEM (Figure 1). Scanning electron micrographs 
of all different pore size MPS were shown and their pores 
were presented in more details (Figure l(a)-(c)). During 
synthesis and oxidation, the partial surface erosion led to 
the hydroxy lation of MPS creating a net negative charge 
(Table 1). The direct correlation between MPS pore size 
and charge was demonstrated through zeta-potential anal- 
ysis. As the particle pore size increased, the overall poros- 
ity increased and the surface area of the particles decreased. 



In vitro drug release 

The porosification of silicon during electrochemical etch- 
ing created a large surface area per volume ratio, allowing 
for the adsorption of high amounts of drug molecules dur- 
ing the loading process. A relationship between the pore 
diameter and the loading and release profiles of MPS was 
observed. The parallel-etched pores within the SP micro- 
particles allowed increased drug loading capacity due to 
their higher surface area than the MP or LP particles. 
However, total porosity dominates total drug loading mass 
among these three particle types, as LP possessed the high- 
est total porosity than MP or SP, while SP particles hold 
the highest surface area among them. The average cefazo- 
lin-loaded mass per 10 7 MPS is reported as 275, 392, and 
452 ug for SP, MP, and LP microparticles. The amount of 
antibiotic loaded directly correlated with porosity, pore 
size, and pore volume as reflected in Figure 2(a). The anti- 
biotic release profiles from cefazolin-loaded MPS obtained 
over 5 days are shown in Figure 2(b). MPS with larger 
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Particle Type Time (day) 



Figure 2. (a) Mass of cefazolin loaded into SP, MP, and LP microparticles (theoretical maximum loading of 5 mg). Higher total 
porosity of MPS dominates drug loading among these three particle types, (b) The cumulative percentage of released cefazolin as a 
function of time from SP, MP, and LP particles in vitro over 5 days. The release kinetics delayed with decreasing pore size of MPS, 
potentially due to the limitations in the diffusion of the drug through pores. 
SP: small pore; MP: medium pore; LP: large pore; MPS: mesoporous silicon microparticles. 



pores (LP) showed a higher initial burst release of cefazo- 
lin. 58 The release delayed with decreasing pore sizes, 
potentially due to the limitations in the diffusion of the 
drug through 3 and 6 nm pores (SP and MP). This effect 
reinforced the notion of the emerging properties of nano- 
structured materials on drug release kinetics. 59 Complete 
release was obtained by day 5, at which time the MPS also 
completely degraded. 

Antibacterial activity 

The assessment of antibacterial activity of cefazolin- 
loaded microparticles was tested against S. aureus, which 
is the most common bacterial pathogen seen in osteomy- 
elitis. 60 After the minimum inhibitory concentrations were 
determined, the antimicrobial activity of the antibiotic- 
loaded MPS was evaluated by two different techniques: 
antimicrobial activity and zones of inhibition assay against 
S. aureus. 

Minimum inhibitory concentration assay. The antibacterial 
activity was significantly effective for the three higher 
cefazolin concentrations. Cefazolin was 90% bactericidal 
to S. aureus ATCC 29213 at concentrations greater than 
100 |!g/mL. Concentrations of 250 and 500 |ig/mL demon- 
strated more than 98% bacterial elimination within 48 and 
24 h, respectively (Figure 3). 

Zones of inhibition assay. The bioactivity and potency of the 
released antibiotic were evaluated using Kirby-Bauer 
methods determined by creating zones of growth inhibi- 
tion on agar plates. 61 Disposable agar plates inoculated 
with the tested S. aureus ATCC 292 1 3 at a concentration of 
10 6 CFU/mL. SP and MP MPS (10 7 microparticles 
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Figure 3. Staphylococcus aureus bacteria growth inhibition 
against 50, 100, 250, and 500 ug/mL of cefazolin sodium over 
72 h. Concentrations of 250 and 500 ug/mL demonstrated 
more than 98% bacterial elimination within 48 and 24 h. 
CFU: colony-forming unit. 

unloaded or loaded with 250 ug of cefazolin) were selected 
due to their slower release kinetics for this study and 
applied to distinct locations of each plate. The diameter of 
the regions devoid of S. aureus growth was measured daily 
for days 1, 2, 3, 7, and 21. The purpose was to determine 
the bactericidal effects of the gradual release of cefazolin 
from MPS. Both particle types showed a significant activ- 
ity against S. aureus by release of cefazolin (Figure 4). 

During the first 2 days, the average zones of inhibition 
obtained with cefazolin-loaded MP treated plates were 
approximately twice that of SP-treated plates. The 
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Figure 4. (a) Bacteria inhibition zones surrounding SP and 
MP cefazolin-loaded MPS (250 ug cefazolin in 107 MPS) at day 
21. (b) Zone of inhibition (cm) of SP and MP microparticles 
over 21 days against Staphylococcus aureus from release of 
cefazolin which indicates a successful long-term elimination and 
prevention of S. aureus growth. 

SP: small pore; MP: medium pore; MPS: mesoporous silicon 
microparticles. 
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Figure 5. Antimicrobial activity of cefazolin-loaded medium 
pore MPS against Staphylococcus aureus, (a) Bacteria plates 
were cultured without MPS, with empty or unloaded MPS, or 
with MPS loaded with 250 ug cefazolin. (b) Bacteria of the WT 
control and unloaded MPS (Ctrl MP) groups exhibited a growth 
spike between 4 and 8 h, while the antibiotic particles (CFZ MP) 
prevented S. aureus growth over the course of the 24-h study. 
MPS: mesoporous silicon microparticles; WT: wild-type; MP: medium 
pore; CFU: colony-forming unit. 



difference in clear-zone diameter of growth inhibitions of 
SP and MP was correlated to their release kinetics, respec- 
tively, which shows that the zone of inhibition was 
increased as the amount of loaded cefazolin was increased 
in MPS. There was no significant difference found in the 
zone of inhibition between the two particle types once they 
have completely released their antibiotic payload (from 
days 10 to 21). 

This result successfully indicated a long-term elimina- 
tion and prevention of S. aureus growth in the presence of 
antibiotic-loaded MPS for up to 21 days. Additionally, 
unloaded SP and MP MPS control groups did not display 
any zone of inhibition, meaning the MPS themselves or 
their degradation byproducts were not responsible for the 
antimicrobial activity observed. 

Antimicrobial activity assay. MP microparticles were selected 
on the basis of their high loading efficiency and longest 
inhibitory properties compared to other types of MPS. S. 
aureus was cultured with empty and drug-loaded (250 ug 
cefazolin) CFZ MP for 24 h. Photographic images of the 
cultures through the first 24 h are shown in Figure 5(a). 
Plates with cefazolin-loaded MP microspheres exhibit 



a significant decrease in the bacteria growth, which 
correlates with the release of cefazolin within the first 24 
h. The wild-type (WT) control exhibited an exponential 
growth expansion between 4 and 8 h. The number of bac- 
terial colonies (CFU/mL) over the equivalent time range is 
reported as log(CFU)/mL in Figure 5(b). As determined by 
the in vitro release study, this growth expansion corre- 
sponded with the cumulative release of 40%-50% of the 
loaded drug by 8 h using the MPS. The controlled release 
of cefazolin was capable of preventing colony formation 
throughout the course of the study. There was no inhibitory 
effect detected for unloaded MP microparticles (Ctrl MP), 
which indicates that the major bactericidal effect was due 
to the released antibiotics and not from the microparticle 
degradation byproducts. 

Cefazolin and MPS toxicity on rat MSCs 

Rat MSC cell proliferation and cell membrane integrity 
were evaluated over 7 days to determine the cytotoxic 
effect of the MPS at various doses of cefazolin. Cell viabil- 
ity at days 1,5, and 7, normalized against drug-free and 
MPS-free controls, is reported in Figure 6. Direct 
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Figure 6. Effects of the presence of different concentrations (50, 1 00, 250, and 500 ug/mL) of cefazolin (direct dose or release 
dose from MPS) on the growth of rat MSC showed inhibitory effects on cell growth at much lower concentration on (a) day I, (b) 
day 5, and (c) day 7. The controlled release of cefazolin from MPS was able to reduce the cytotoxic effects on MSC compared with 
direct doses of antibiotic. 

MPS: mesoporous silicon microparticles; MSC: mesenchymal stem cell. 
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Figure 7. LDH activity in culture media of MSC in the presence of 0, 50, 250, or 500 ug/mL cefazolin either by direct or MPS- 
sustained delivery at days I, 5, and 7, normalized against drug-free and MPS-free controls. Sustained release of cefazolin from MPS 
lessened the harmful effects of direct drug administration at higher concentrations, particularly at days 5 and 7. 
LDH: lactate dehydrogenase; MSC: mesenchymal stem cell; MPS: mesoporous silicon microparticles. 



administration of the antibiotic had a significant effect on 
cell viability at 250 and 500 (J.g/mL. However, the con- 
trolled release of cefazolin from MPS caused reduction in 
the toxic effect of direct exposure of cells to the drug (days 
5 and 7). This effect was also observed at 100 ug/mL dos- 
ages, although the advantages of MPS were not found sta- 
tistically significant. Most importantly, the release of 250 
ug/mL by MPS, a dose previously was found to exhibit 
over 98% bactericidal efficacy within 48 h and clearly for- 
mation of inhibition zones, was not found to reveal any 
adverse effects on MSC proliferation and cell membrane 
integrity, while their direct exposure to a higher concentra- 
tion of the antibiotic (>250 ug/mL) induced signs of toxic- 
ity at all time points. The growth of cells in the presence of 
antibiotic-loaded MPS was approximately 2%, 13%, 26%, 
and 18% greater at day 5, and 15%, 7%, 13%, and 18% 
greater at day 7, than for cells cultured with the direct dose 
applied of 50, 100, 250, and 500 ug/mL, respectively. 
Overall the controlled release of cefazolin from MPS was 



found to reduce the cytotoxic effects on MSC compared 
with direct doses of antibiotic (Figure 6). 

Cell membrane integrity and general cell health were 
evaluated by LDH release in the culture media at 1, 5, and 7 
days after treatment, and the reported results were normal- 
ized to cefazolin-free, MPS-free controls in Figure 7. No 
significant effects were detected for 50 or 100 ug/mL dos- 
ages for either the direct treatment or MPS-treated groups. 
In agreement with MSC viability, dosages of 250 and 500 
|0.g/mL showed enhancement of the LDH activity for both 
groups at all time points. Likewise, similar levels of LDH 
production from MSC were observed at 100 (tg/mL concen- 
tration for both groups. The direct administration of cefazo- 
lin exhibited slightly higher LDH activity compared to MPS 
and the difference was statistically significant at days 5 and 
7 for 500 ug/mL (p < 0.01). At the three highest dosages 
used in the study, the sustained release of cefazolin from 
MPS significantly lessened these cytotoxic effects on MSC 
compared to the direct administration of cefazolin. 
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From this investigation, it was found that a local con- 
centration of 250 ug/mL cefazolin was sufficient as an 
antibacterial prophylactic. Administration of this drug 
concentration via MPS exhibited no significant effects on 
MSC cell viability or metabolic integrity compared to con- 
trols, while this dosage was found to be toxic to the stromal 
cells when given as a bulk dose. In contrast to polymeric 
delivery systems, the MPS are fully degradable and bio- 
compatible and do not generate inflammatory byproducts 
as the polymeric counterparts. 62 65 It is hypothesized that 
high local concentrations of antibiotic can diffuse through 
avascular areas of the surgical or implant site that are inac- 
cessible by systemic intravenous methods, which often can 
only be delivered in concentrations that may result in toxic- 
ity or lead to bacterial antibiotic resistance. 

Conclusion 

In recent years, the growth of resistant microorganism 
strains has been accompanied by development of new clin- 
ical guidelines and shortage of new formulations. As a 
result, it is crucial to develop new platforms to maintain 
the antimicrobial drugs activity while extending their half- 
lives through new routes of delivery. 66 To overcome these 
limitations, sophisticated delivery platforms capable of 
tuning the release of their contents are necessary to fight 
against drug-resistant bacteria strains such as methicillin- 
resistantS. aureus or Coagulase-negative Staphylococcus. 67 
For the past few decades, numerous drug delivery plat- 
forms have been developed to enhance the bactericidal 
properties of antibiotics and meet different clinical needs 
such as extended shelf-life stability, high biocompatibility, 
and multifunctional properties. 68-71 In this study, sustained 
delivery of cefazolin from MPS showed to provide ade- 
quate bactericidal properties to efficiently inhibit S. aureus 
growth. The pore size and porosity MPS provide tunable 
drug release characteristics and their surface area can be 
modified or encapsulated in order to achieve specific 
desired therapeutic daily dose for various tissue engineer- 
ing applications. 72-75 This nanotechnology-based delivery 
system represents an alternative to the current standard of 
care and addresses the shortcomings of intravenous anti- 
biotic delivery. The MPS antibiotic delivery system may 
represent a new platform for the prevention of post- 
operative infections, for the treatment of biofilm formation 
on orthopedic implants, and for the medication of trau- 
matic musculoskeletal injuries. Due to its decreased toxic- 
ity on stem cells, this system represents a promising 
alternative to direct administration of the drug, with long- 
term advantages of the regeneration of the tissues, the heal- 
ing of the injury, and the overall well-being of the patient. 
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